The effect of ZnO and low γ-radiation on PLA based-films was investigated to be used for food packaging application. Ham slices were inoculated with E. coli, L. innocua and S. enterica and then covered with PLA and PLA/5% ZnO films. The samples were irradiated with a γ-radiation dose of 0.3 kGy at dose rate of 13.5 kGy/h. Microbiological analysis was performed at 0, 1 and 5 days on samples stored at 4 °C. Results showed that no consistent reduction of bacteria was obtained, even at the fifth day of storage, when the ham was covered with PLA/5% ZnO film and no γ-radiation was performed. The use of γ-radiation results necessary to reduce the bacteria growth. In fact E. coli and S. enterica were not detected after 5 days of storage; whereas in the case of test with L. innocua a reduction of 1.3 log CFU/g was observed after 5 days of storage. The antibacterial results indicate that the presence of ZnO in PLA film is effective only for E. coli. The differences of the results obtained here with those reported in literature (where ZnO particles are reported to be very effective as antimicrobial material) are accounted for the different methodologies used. In conclusion considering the positive results, even if small, obtained here at least only for the E. Coli and considering that PLA/5% ZnO film shows, compared to plain PLA film, good tensile properties (especially Young's modulus and stress at yielding) and good permeability (to O 2 and CO 2 ) induce to consider the PLA/5% ZnO composite film usable for food packaging when long shelf life and food safety are required, considering also that it is biodegradable and compostable.
Introduction


The use of plastics has permitted the development of a wide range of food and beverage products, their transportation over long distances and safely storage, without compromising the quality and reducing product loss. Plastics enable the production of both rigid and flexible packaging, and maintain their characteristics even for very long periods and they possess, generally, satisfactory barrier properties, which reduce the penetration of gas and help prevent the loss of the organoleptic characteristics of food [1] .
The great advantage of the plastics is the possibility to use a wide range of materials of different compositions and capable of providing the most convenient design according to the specific needs required by specific food product. Petroleum-based polymers have salient features such as strength, flexibility, stiffness, barrier to oxygen and moisture, and resistance to food component attack. However, their resistance to degradation and their recycling and disposal difficulties are very challenging in today's heightened strong global interest in environmentally sustainable materials. The development of biopolymers from renewable resources represents an important need [2] . Biopolymers are particularly attractive because they are biodegradable due to their susceptibility to microbial enzyme degradation [3] . Biopolymers are being introduced into the market to serve as food packaging materials to primarily address concerns about plastic waste accumulation [4] [5] [6] and their market is expected to grow between 20% and 25% until 2020 [7] . The research is oriented to design new composite materials to help avoid in food development of rancidity, colour loss or change, loss of nutrients, dehydration, microbial growth, gas production, development of odours and senescence.
Nanotechnology has potential applications in all aspects of food chain including food processing, food quality monitoring, food packaging and storage [8, 9] . Major areas of food industry which could benefit from nanotechnology [8] are development of new functional materials for food packaging [4] , microscale and nanoscale processing [10] , product development [11] and methods and instrumentation design for improved food safety and biosecurity [4] . Nanotechnology is applicable in food packaging to improve packaging performances such as gas, moisture, UV and volatile barriers, mechanical strength, heat resistance and flame retardancy and weight [10, 11] . The use of biodegradable nanocomposites will help to reduce packaging waste while extending shelf life of processed foods. Numerous studies concern the development of PLA matrix composites with antibacterial properties to assure food safety and to prevent food borne disease [12] [13] [14] [15] [16] . In Europe, approximately 1,000 of food borne diseases cases per year have been attributed to the presence of Listeria monocytogenes, which around 20% of them led to death [17] . Contaminations by L. monocytogenes mainly occur on ready-to-eat food products such as dairy, vegetables and meat [18] . However, Escherichia coli and Salmonella typhimurium can also be found in food products and cause diseases. It has been estimated that, in Canada, 4 millions of people will develop food borne diseases each year [19] . However, the use of radiation as a cold treatment on packaged foods has some benefits on food decontamination and can assure food safety. The mechanism of irradiation on foods is basically based on the inactivation or on the reduction of parasites and bacteria [20] . Because of its penetrating properties, γ-rays directly affect DNA resulting in cells' death, but can also produce oxidation of unsaturated lipids and lead to off-flavors. The maximum dose that can be applied on meat should not exceed 3 kGy [21] . However, low γ-radiation doses may not be fully efficient to eliminate pathogenic bacteria such as Listeria monocytogenes, Escherichia coli or Salmonella typhimurium, which are frequent sources of food contaminations.
It has been shown that the use of active agents incorporated in the polymer material for packaging enables significantly an increase of the shelf-life of the packaged product, going to act on those mechanisms of degradation which cause the deterioration by reducing the growth rate of microorganisms [22, 23] .
The antibacterial activity of a polymer is usually obtained by adding organic compounds or metal particles [24] [25] [26] [27] [28] [29] [30] [31] . Sub-micrometric and nanometric particles of metal or metal oxides and carbon nanotubes are the most used particles to develop antimicrobial biopolymers. In literature it is reported that silver (Ag) exerts antibacterial and fungicidal against about 150 different types of bacteria when the metal particles have nanoscale size, and Ag particles are already found in many commercial products. Metal oxides, such as zinc oxide (ZnO), titanium dioxide (TiO 2 ), magnesium oxide (MgO) and silicon dioxide (SiO 2 ) are also known to act as antibacterial agents in addition to their ability to block UV radiation and to act as disinfectant agents [26] . Compared to Ag, ZnO and MgO particles are presented as the best and safest solution for food packaging.
Particularly investigated it is the effect of ZnO on the properties of polymer films to be used for food packaging, because it has antimicrobial property [29, 30, 32] and it is defined as "Generally Recognized as Safe" (GRAS).
In a previous paper [33] , the effect of ZnO on the mechanical (tensile), permeability and antimicrobial properties of PLA based films was investigated. The study was performed on three films, with 1, 3 and 5 wt% of ZnO, and the antimicrobial test was done only with E.coli. of particular interest it was found that the film with 5 wt% of ZnO which showed 99.99% reduction for E. coli after 24 hours demonstrating a very efficient antibacterial activity of ZnO against E.
coli. Moreover, ZnO had also some positive effects on the mechanical properties of the composite film compared to the plain PLA film, such as: increase of Young's modulus and stress at yielding and decrease of permeability to O 2 and CO 2 of about 17% and 14%, respectively. Regarding the water vapour permeability it was instead found a slight increase of permeability (from 0. 
Material and Methods
Materials and Sample Preparation
The materials used in this research are: 
Gel Permeation Chromatography (GPC)
The Gel permeation chromatography was performed on GPC-150C Waters Chromatography instrument (Milford, Massachusetts-USA) equipped with two linear columns Polymer Laboratories and elution with tetrahydrofuran (THF). The flow rate was 1 mL/min. The eluent was monitored by PL-ELS 2100 detector. Molecular weights and molecular weight distributions were calculated by reference to a PS standard calibration curve, with the Kuhn-Mark-Houwink equation for poly (l-lactide) in THF: M n (PLA) = 0.4055 × M n (PS) 1.0486 [34] .
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Scanning Electron Microscopy (SEM)
The morphology of the fractured surfaces of the PLA and PLA/5% ZnO films were determined by the scanning electron microscope (SEM), the model used is a Fei Quanta 200 SEM Feg, Hillsboro, Oregon (USA).
Thermal Analysis (DSC)
The analysis was performed using a calorimeter Mettler DSC-822e, Schwerzenbach, Switzerland.
The thermoanalytical technique measures the difference of the heat required to increase the temperature of a sample pan compared to a reference pan, as a function of temperature, when the sample and the reference pans are submitted to the same heating or cooling rate. The sample pan and reference pan are maintained as possible at the same temperature throughout the experiment.
Each sample (approximately 4 mg) was subjected to the following temperature program:
from room temperature to -30 °C, then heated to 200 °C at heating rate of 10 °C/min.
Thermogravimetric Analysis (TGA)
The thermal stability of the samples was studied by TGA. The instrument used was a Perkin Elmer Diamond, Albany St. Boston, Massachusetts (USA). The measurements were conducted from 30 °C to 800 °C at a heating rate of 20 °C/min, using about 2.0 mg of the sample in alumina pan. The experiments were done under air atmosphere at flow rate of 200 mL/min. From thermograms it is determined the temperature at the weight loss is 5% (T onset ), at the degradation rate maximum (T max ) and in correspondence of the final plateau (T endset ).
UV-Visible Spectrophotometry
UV-visible spectra were monitored, from 200 to 850 nm, with Jasco V-570 spectrophotometer, Columbia, Maryland (USA). The spectra were recorded by using films in transmission mode.
Bacterial Suspension
Escherichia coli ATCC 8739, Listeria innocua ATCC 51742 and Salmonella enterica subsp. enterica serovar Typhimurium ATCC 53648 were stored at -80 °C in TSB in presence of glycerol (150 g/L). Before each experiment, bacteria were propagated through 2 consecutive cycles of 24 h in TSB at 37 °C to obtain cultures containing approximately 10 9 CFU
(colony forming unit)/mL. Cultures were then diluted in order to obtain bacterial suspensions with a concentration of approximately 10 5 CFU/mL.
Inoculation and Treatment of Ham
Ready-to-eat ham was purchased in a local supermarket (Metro, Laval, QC, Canada) and cut into pieces under sterile conditions. Ham samples were inoculated by adding 250 µL of bacterial suspensions on the surface of 10 g of ham. Final concentrations were 3.3 log CFU/g for L. innocua and S. enterica, 3.2 log CFU/g for E. coli. The films of PLA and PLA/5% ZnO were then applied on the ham and the samples were stored at 4 °C for 5 days. Irradiation treatments were done at the Canadian Irradiation Center, using a UC-15 A (SS canister) underwater calibrator (Nordion Inc., Kanata, ON, Canada) equipped with a 60 Co source. A γ-radiation dose of 0.3 kGy was delivered at a dose rate of 13.5 kGy/h. Samples were stored at 4°C and microbiological analysis was performed at 0, 1, and 5 days. Ham samples (10 g) were immersed in 30 g of peptone water (1 g/L) and homogenized using a Lab-blender 400 stomacher (Laboratory Equipment, London, UK). Appropriate 10-fold dilutions were made and 1 mL of each dilution was spread on Petri dishes before medium was poured. Palcam agar (Alpha Biosciences, Baltimore, MD, USA) supplemented with antiobiotics acriflavin (5 mg/L) and polymyxin B (10 mg/L), MacConkey agar supplemented with sorbitol (Alpha Biosciences) and DCLS agar (Alpha Biosciences) were used for L.
innocua, E. coli and S. enterica respectively. Petri dishes were incubated at 37 °C for 48 h before 
Experimental Design and Statistical Analysis
PLA and PLA/5% ZnO films were cut in of the same shape and dimension larger than the piece of ham in order to be sure that the whole ham was in contact with the film. Samples were separated into 3 groups: (1) control; (2) PLA film; (3) PLA/5% ZnO film. Microbial analyses during storage were done using a 3  3  2  3  3 factorial design: 3 replicates, 3 treatments, 2 gamma radiation doses, 3 bacteria, 3 days of storage. Analysis of variance and Duncan's multiple-range test were performed by using SPSS 16.0 software (IBM Corp., Somers, NY, USA). Differences between means were considered to be significant at a 5% level.
Atomic Absorption Spectrometry
The amount of Zn released in the solution was determinated by Atomic Absorption Spectrometry (AAS) using 1 g of film immersed in 10 mL of RS (composition for one liter: 0.150 g of potassium chloride, 2.25 g of sodium chloride, 0.05 g of sodium bicarbonate, 0.12 g of calcium chloride hexahydrate and pH 7.0) and kept on a wrist-action shaker for 0, 6, 24 and 48 h. The AAS measurements were performed using a Perkin Elmer Analyst 800 instrument (Norwalk, CT, USA) and AS 90 plus flame auto sampler. All the data were recorded and processed by WinLab 32 software. A stock zinc solution in 2.5% HNO 3 was used for standard calibration curve. Table 1 shows the molecular parameters of PLA pellets as received (PLA pellet ) after mixing (PLA mix ) and after calender (PLA film ), and the same last two samples with ZnO. The mixing of PLA pellets does not affect significantly the molecular weights of neat PLA; in fact PLA pellet and PLA mix have similar molecular parameters; the second process step (in the calender), from PLA mix to PLA film , causes a decrease in M n of about 25%. It is known that ZnO particles in PLA induce hydrolysis at high temperature [35] and so affect the molecular weight. In fact the reduction of molecular weight comparing PLA mix and the PLA/5% ZnO mix is about 38%, and the same percentage reduction is found comparing the molecular weight of PLA film and the PLA/5% ZnO film . Fig. 1 shows the fractured surface of PLA; the surface results to be homogeneous as expected for a plain polymer. Fig. 2 , micrograph for the fractured surface of the PLA/5% ZnO film, shows agglomeration of ZnO particles fairly distributed in the PLA matrix with an average size of about 1.2 μm. It has to be noted that the ZnO particles, as received from the producer, have sub micron dimensions and they agglomerate in bigger particles during the mixing with PLA because they are incompatible with the organic phase and because of their high surface energy. [34] . Fig. 3 shows the thermograms of PLA and PLA/5% ZnO in the temperature range from 40 to 200 °C. The curves are shifted along the y axis to illustrate the trends. The heating rate used is 10 °C/min under an inert atmosphere (N 2 ). PLA presents the glass transition temperature at about 61 °C; then an exothermic peak (cold crystallization peak) extending from about 85 °C to 115 °C with a maximum at about 100 °C; finally the melting peak extending from about 155 °C to 175 °C with a maximum, taken as the melting temperature (Tm), at 169 °C.
Results and Discussions
GPC
Morphological Analysis
Thermal Analysis (DSC)
The thermoanalytical curve of PLA/ZnO composite does not show significant difference compared to pure PLA. The extension of the endothermic and
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251 exothermic peaks, respectively crystallization and melting peaks, remain fairly unchanged as well as the corresponding maxima, the glass transition temperature and Tm. The main result from the DSC is that both the films, as obtained from the calender, are amorphous, that is the PLA does not crystallize, neither when there are the ZnO particles. This is in agreement with the spectra obtained by the X-ray which show clearly no presence of any crystallization peak [33] . Fig. 4 shows TGA curves of PLA and PLA/5% ZnO composite in the range from 230 °C to 400 °C. Table 2 reports the values of thermogravimetric analysis when the weight loss is 5% (T onset ), the degradation rate is maximum (T max ) and in correspondence of the final plateau (T endset ). The analysis of Fig. 4 and the parameters in Table 2 clearly indicate that ZnO has a great influence on the degradation process of PLA macromolecules, which is shifted to lower temperatures of about 30 degrees. This result is in agreement with that reported in literature and it is explained considering that probably ZnO nanoparticles catalyze the depolymerization of PLA molecules [35] . Fig. 5 shows the transmittance (T%) for PLA and the composite with 5% of ZnO from 200 nm to 850 nm. For PLA the transmittance is 0% from 200 nm to 227 nm, then there is a sudden increase up to 80% and after that the value still increases at 86%, at wavelength 300 nm, and to 90% at wavelength 850 nm. The composite film with 5 wt% of ZnO has also 0% transmittance in the range 200-227 nm and very low transmittance value up to 850 nm. The low transmittance shown by the composite film is due to the adsorption and reflection of the ZnO particles [36] . In the region around 385 nm the transmittance of the composite film is zero and this is due to the intrinsic capacity of the ZnO particles to absorb the UV light [37] [38] [39] . The protection mechanism of conventional UV absorbers used as photostabilizers in polymers is based on the absorption of harmful UV radiation and its dissipation as heat [40] .
Thermogravimetric Analysis (TGA)
UV-Visible Spectrophotometry
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Antimicrobial Tests
Antimicrobial effects of PLA and PLA/5% ZnO films, and γ-radiation treatment were tested on ham inoculated with three different bacteria, L. innocua, E. coli and S. enterica, and then stored at 4 °C; the tests were performed at day 0, 1 and 5. Table 3 reports the results of the test performed for the detection of L. innocua bacteria.
In the "Control" there are reported the bacterial counts performed on the ham without covering of film and without γ-radiation treatment; the log CFU/g count is practically unchanged during the 5 days. Covering the ham with plain PLA film or with PLA/5% ZnO film, no significant reduction of bacterial count is detected up to the fifth day. It is found that the presence of ZnO particles did not have significant effect on the decrease of the bacterial growth, up to the fifth day of experiment. Only when the samples are irradiated at 0.3 kGy, it is found at day 5 a significant reduction of L. innocua (about 1 log CFU/g). However, no synergy was observed between the presence of ZnO particles and the use of γ-radiation treatment.
The results for E. coli are presented in Table 4 . The "Control" shows no reduction of bacteria at day 5, as expected. The irradiation at 0.3 kGy on the ham induces a significant reduction of E. coli from 3.16 (day 0) to 1.72 log CFU/g (day 5) showing a 1.44 log CFU/gr reduction. Covering the ham with plain PLA film or with PLA/5% ZnO film, no significant decrease of the log CFU/g concentration is detected from day 0 to day 5 (around 0.3 log CFU/g reduction).
In order to have a consistent decrease of E. coli bacteria a treatment with γ-radiation was necessary. In fact, the application of 0.3 kGy has permitted a reduction of 1.34 log CFU/gr at day one and this level of bacteria was stable at day 5 of storage. When the ham was packed in PLA based film and then irradiated at 0.3 kGy a 1 log and 2.2 log CFU/gr reduction was observed respectively at day 1 and 5 of 1 Means followed by the same uppercase letter in each column are not significantly different at the 5% level. Means followed by the same lowercase letter in each row for each property are not significantly different at the 5% level. Table 4 Effect of the combined treatment on E. coli during storage 1 .
Group
Bacterial count (log CFU/g) Day 0
Day 1 However, the use of PLA/5% ZnO based films was able to inhibit completely the presence of E. coli at day 5 of storage when applied in combination with γ-radiation treatment and showed a 3.16 log CFU/gr reduction. These results indicate that, at least for E.
coli test, the presence of ZnO contributes to the elimination of the E. coli bacteria during storage and act in synergy with γ-radiation. These results indicate that the PLA and PLA/5% ZnO based films have some antimicrobial activity and can act in synergy with γ-radiation treatment. Also, the presence of ZnO particles in films was essential to assure a complete inhibition of E. coli in ham.
The results of S. enterica during storage are presented in Table 5 . As expected, no reduction of bacterial count is observed for the "Control" group during storage. The treatment with 0.3 kGy radiation induces a 2.43 and 3.31 log CFU/gr reduction at day 1 and 5 respectively and similar results were obtained when the hams were packed with PLA or with PLA/5% ZnO and treated at 0.3 kGy. These results suggested that only γ-radiation had an effect on the S. enterica elimination ( Table 5) .
The results in this work seem to be not completely in agreement with those reported in literature. In fact, Espitia et al. [32] have listed numerous studies reporting the antimicrobial activity of ZnO particles against different bacteria. Gordon et al. [41] reported that ZnO particles were effective in inhibiting the growth of E. coli and Staphylococcus aureus. Also, according to Seil and Webster [42] , the use of ZnO particles allows reducing the viability of such bacteria. The mechanism of action of ZnO on bacteria has not been completely understood [43] . Gordon be due to its interactions with water present in the food. This would result in the production of radicals before generating H 2 O 2, which, according to Tam et al. [48] , could be harmful to cells of living organisms. A second mechanism was explained by the positive charges of ZnO that could interact with the negative charges of bacterial cells [49] , leading to membrane damages [43] . Moreover, it has to be also noted that the results obtained here for PLA/5% ZnO film tested for the E.
coli are in disagreement with the result in Marra et al. [33] , where for E. coli, it was reported that already after 1 day, the percent reduction was 99.99 (that is a value of CFU/mL close to 0), whereas, in this work a bacterial count of 2.82 log CFU/g at day 5 is obtained with the ham covered with the PLA/5% ZnO. The different results are very likely derived by to the diverse methodologies used; the methodology used in Marra et al. [33] and those in the above reported literature consisted generally in the immersion of the plain ZnO or films with ZnO immersed in the bacterial solutions; this methodology can be defined as "experiment in solution"; whereas in this work the films were lying on the ham slice, which could be defined as "dry experiment". The two proposed mechanisms of efficiency of ZnO against bacteria require the presence of water (where H 2 O 2 can be formed or where the bacteria can have enough mobility to in contact with ZnO particles and so to be damaged). In the case of the in situ experiment, that performed in this work, only very small areas of the ZnO particles (of few µm), as shown on the SEM micrograph of Fig. 2 , could be in contact with the bacteria inoculated of the ham slice and not all of them are certainly in contact because it would have required that the film would have been thoroughly in contact with on the ham, which is difficult to obtain during the storage.
The results reported in Tables 3, 4 and 5 indicate clearly that the only presence of 5 wt% of ZnO PLA film, used to cover ham slices stored at 4 °C, is not sufficient to decrease the bacterial counts to a value in order to define the composite film as "antibacterial", but it is necessary to use the treatment of the γ-radiation, although γ-radiation has different efficiency on the three bacteria used here. In fact, the results showed that the dose of γ-radiation needed to eliminate E. coli is significantly lower than the dose needed to eliminate S. enterica, or L. innocua as previously showed [50, 51] . Chiasson et al. [52] and Huq et al. [53] demonstrated that the D 10 who is the radiation dose required reducing by 1 log CFU/gr (90% of the viable bacteria) was 0.126, 0.526 and 0.540 respectively for E. coli, S. Typhimurium and L. monocytogenes in meat. γ-radiation induces DNA double-strand breaks that can lead to cell death if damages are not repaired. However, it is suggested in literature that only one double-strand break is sufficient to induce E. coli cell death [54] [55] [56] [57] [58] . This would explain why those bacteria are more sensitive In addition, some authors have studied the antimicrobial effects of ZnO on different bacteria. Reddy et al. [59] reported a toxicity of ZnO nanoparticles on Gram-negative bacteria, such as E.
coli, and Gram-positive bacteria, such as Staphylococcus aureus, with a total inhibition at NP concentrations of 3.4 mM and 1 mM respectively. Díez-Pascualand and Díez-Vicente [60] have also showed an antimicrobial effect of ZnO on E. coli and
S. aureus.
However, antimicrobial compounds could be more effective in culture media than in meat that can contain more than 20% of lipids. According to Gill [61] , the microorganisms, which were growing in nutrient-rich environment such as meat increased resistance to different stress by reaching their maximum replication rate and still can repair the cellular components [61] . Canillac et al. [62] , also found that introduction of fat into the test medium decreased the bactericidal effect of Piceaexcelsa essential oil against L. monocytognes. Oussalah et al. [63] also found that L. monocytogenes was highly resistant in ham even in presence of essential oils from spices.
The growth rate of L. monocytogenes is also dependant mainly on the water activity, the storage temperature, and to a smaller extent on the amount of nitrite in the product [64] . However, according to Mbandi and Shelef [65] , nitrite, nitrate and sodium chloride do not inhibit the growth of L. monocytogenes during storage under refrigerated temperatures. Indeed, ham contains also other several additives such as sodium chloride, sodium erythrobate and sodium phosphate that may affect the efficiency of antimicrobial compounds, which can explain the results obtained in this study on ham.
Atomic Absorption Spectrometry Analysis
In Fig. 6 it is shown the graph of the zinc concentration (mg/L) in RS after the contact of PLA and PLA/5% ZnO films as a function of the contact time (0, 12, 24 and 48 h). For comparison the RS has been also investigated. The amount found in the RS is due to the content of zinc present in nature. In the case of PLA film in the RS, the value increases slightly because zinc present as contaminant in the PLA adds to that present in the water, also as contaminant. In the case of composite in RS, the concentration of zinc increases significantly due to the ZnO that migrates from the composite film. The amount increases with the time of contact between the film PLA/5% ZnO and the RS water. Table 6 reports the zinc concentration (mg/L) in RS at different contact time.
The results indicate that the Zn content in RS after 48 h is about 1.3 mg/L, which is a low concentration, certainly not harmful for animals or humans considering that the National Institute of Health [66] recommends that adult males should be getting 11 milligrams of zinc each day, and adult females need 8 milligrams and that the tolerable upper intake levels are 40 mg/day for both male and female.
Conclusion
It has been investigated the effect of ZnO in PLA film and of γ-radiation treatment, singularly and combined, on the shelf life of packed ham inoculated with bacteria suspension of L. innocua, S. enterica, and E. coli. It was found that the only presence of ZnO 5 wt% in PLA film, covering the ham, was not sufficient to reduce significantly the bacteria, test performed up to 5 days on samples stored at 4 °C. It is necessary the γ-radiation treatment to strongly reduce the bacterium and a complete inhibition is found at day 5 of storage and only for S. enterica and E. coli. A contribution of ZnO particles to the reduction of the bacteria is found only in the case E. coli. The disagreement between the results obtained in this work with those presented in literature, is probably due to the experiment who was done in situ where the presence of nutrients and additives can reduce the antimicrobial efficiency of the ZnO particles.
